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Characterisation of copy number variation (CNV) and loss of heterozygosity (LOH) has pro-
vided evidence for the relationship of this type of genetic variation with the occurrence of a broad 
spectrum of diseases, including cancer lesions. The role of CNVs and germinal or somatic LOHs 
in canine mammary tumours is still unknown. Therefore, the aim of this study was to identify 
CNVs and LOHs in canine mammary tumours. Forty-eight samples obtained from normal (n=24) 
and tumour (n=24) tissues of dogs were analysed. In the study, we used CanineHD BeadChip 
assay (Illumina) and OncoSNP software to identify copy number alternations in genomes of dif-
ferent dog breeds and in different mammary cancer types occurring in this species. The analyses 
revealed that, in the case of CNV, the amplification-type variants were longer and more frequent 
than deletions. Based on the analysis of the frequency of different types of aberrations in the in-
dividual parts of the genome, regions that are particularly susceptible to structural aberrations 
were indicated. The fraction of genes identified within these regions was associated with major 
processes of neoplastic transformation. Association analysis of such traits as tumour grading as 
well as the size and age of dogs demonstrated that structural aberrations were more frequent in 
dogs diagnosed with tumour malignancy grade II and III, in dogs with a larger body size, and in 
large dogs aged 7-8. The promising results of these pioneering investigations prompt continuation 
thereof to analyse other types of cancer. 
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Introduction

The mammary gland tumour is the second most 
common cancer in dogs and the most frequent type di-
agnosed in bitches, accounting for 52% of all diagnosed 
tumours in these animals. The vast majority of cases of 
mammary tumours are malignant changes. Breed-related 
predispositions of dogs for development of cancer  
diseases suggest an important role of the genetic ele-
ment in the neoplastic transformation observed in this 
species. Identification of genetic risk factors may be 
helpful in prevention and treatment of these diseases 
and can provide an opportunity to test novel therapeu-
tic strategies (Ślaska et al. 2013, Surdyka and Slaska 
2017a,b).

In recent years, there has been considerable prog-
ress in the development of tools and techniques  
required for genomic analyses. This has contributed to 
identification of high-quality canine genome sequences 
and development of single-nucleotide polymorphism 
arrays that are useful in large-scale genomic analyses. 
Thus, modern genomics offers exceptional potential for 
genetic characterisation of the background of canine 
diseases, e.g. cancer, thereby ensuring rapid diagnosis 
and effective treatment.

A characteristic feature of tumour cells is the large 
variability of their genomic DNA. Alterations associated 
with tumours include not only point mutations, small 
deletions, or insertions but also large-scale structural 
and ploidy chromosomal aberrations. Genomic aberra-
tions appear in tumours during their evolution promot-
ing a tumour genome that ensures better tumour 
growth and survival than that of other cells. Large-scale 
genomic analyses have become a widely used tool for 
identification of genomic aberrations in human cancer 
cells, including breast cancer cells (Yang et al. 2013).  
A similar approach is recently being employed in ani-
mal oncogenomics (Gurgul et al. 2014, Pawlina et al. 
2016).

Copy number variation (CNV) and loss of hetero-
zygosity (LOH) are two types of genetic structural  
alterations associated with tumours. CNV is defined as 
a segment of DNA >= 1kb that is copy-number  
variable when compared with a reference genome 
(Feuk et al. 2006). LOH is a common genetic event  
in cancer development, called in this way because  
of the early observations of a change in polymorphic 
markers from a heterozygous state in the germline to 
an apparently homozygous state in the tumour DNA 
(Gallie et al. 1983). Genetic alterations include copy 
number variation (CNV – copy number gains or losses) 
and loss of heterozygosity (LOH – allelic imbalance  
or copy-neutral LOH). They may result in inactivation 
of tumour suppressor genes or activation of oncogenes, 

which in turn may contribute to uncontrolled growth 
and metastasis of tumour cells (Perez-Ordonez et al. 
2006). Therefore, identification of CNVs and LOHs in 
tumour samples is indispensable for elucidation of the 
genetic background, initiation, progression, and dif- 
ferentiation of cancer (Notta et al. 2011). Hence,  
the aim of the study was to identify and characterise 
copy number variations and loss of heterozygosity  
in canine mammary tumours, and to identify genes  
located in genomic regions characterised by the highest 
rate of aberrations in the tumours analysed.

Materials and Methods

Samples

The research material consisted of 24 tumour  
tissues as well as healthy tissue samples collected from 
the same dogs of various breeds with diagnosed mam-
mary tumours. Prior to DNA extraction, sections for 
histopathological analysis were sampled from each sur-
gically removed tumour in order to determine the his-
tological type of the tissues analysed. The tissues sam-
pled for histopathological examination were fixed  
in buffered formalin and embedded in paraffin blocks, 
and the sections were routinely haematoxylin and eosin 
(H&E) and toluidine blue. The degree of mammary 
 tumours was assessed using the 3-grade scale (G1- low; 
G2 – intermediate, G3 – high) (Goldschmidt et al. 
2011). DNA was extracted with a commercial DNeasy 
Blood and Tissue Kit (Qiagen, Hilden, Germany).  
The isolated genetic material was assessed qualitatively 
by electrophoretic separation in agarose gel and quan-
titatively with a BioPhotometer spectrophotometer 
(Eppendorf, Hamburg, Germany).

Identification of aberrations

The DNA samples were genotyped with the use  
of a CanineHD Whole-Genome Genotyping assay  
(Illumina) following the standard Infinium Ultra proto-
col. The assay contained probes for more than 170,000 
single nucleotide polymorphisms with known positions 
in the CanFam2.0 reference sequence, including 1,547 
non-polymorphic intensity-only probes dedicated for 
CNV (copy number variant) analysis. The SNPs main-
tained the average density of approx. 70 SNPs per Mb. 
The data were assessed for quality parameters such  
as the call rate and log R ratio standard deviation.  
The minimal requirements for call rates were set at 
0.975 and for log R ratio deviation at 0.35 in order  
to identify samples with poor quality for CNV detec-
tion. The aberrations were subsequently detected with 
the use of the cancer-data dedicated software – OncoSNP 



135Characterisation of genome-wide structural ...

(Yau 2013). It allows detection of copy number varia-
tion and copy neutral LOH in tumour samples on the 
basis of SNP microarray data and identifies only aber-
rations exclusive for tumour samples, treating intensity 
data from the healthy tissue as background. Aberra-
tions were called on all autosomes for each control- 
-tumour sample pair according to the manual, applying 
the GC wave correction as well as -stromal, -intratu-
mour and -allprobes commands (OncoSNP accessed 
15.04.2017). All segmental data manipulations (check-
ing for overlapping segments, segments merging and 
statistics) were performed with PLINK (v1.07) software 
(Purcell et al. 2007).

Chromosomal fragile sites were identified by choos-
ing regions with a length in the range of 1-10% chromo-
some coverage and with the number of breakpoints 
observed within them exceeding 10. The frequency  
of aberrations for the individual groups (grading, size, 
age) was calculated as mean aberration frequency  
in the selected regions of the genome.

Association analysis

The association analyses were carried out in a case- 
-control system for variables: grading, size, and age  
of dogs classified as large. A simple permutation-based 
test of association of segmental CNV data for case/con-
trol phenotypes was performed in PLINK (1.07) soft-
ware with 50,000 null permutations generating empiri-
cal p-values both at the pointwise and genome-wide 
corrected level. The results were visualised by the 
“Manhattan plot” using the R package (R version 3.3.2) 
– a plot of the – log10 (P-value) of the association  
statistic on the y-axis versus the chromosomal position 
of the SNP on the x-axis. Regions with many highly  
associated SNPs appeared above the threshold line  
in the plot.

Identification and functional analysis of genes 
located in the identified CNVs and LOHs

The identified genomic regions with a variable copy 
number and known positions in the genome assembly 
were screened for protein coding genes with the UCSC 
Genome Browser. Both RefSeq (NCBI) and Ensembl 
genes were exported and analysed in terms of molecu-
lar function of the proteins and biological processes  
in protein analysis through the evolutionary relation-
ships (PANTHER) classification system (Thomas et al. 
2003; PANTHER-Protein Classification System accessed 
10.03.2017). 

The study was approved by the II Local Ethics 
Commission for animal experiments in Lublin, Poland 
(resolution number 6/2013).

Results

Characterisation of identified CNVs

In the biological material with canine mammary  
tumours, 1823 CNVs generated de novo in the tumour 
tissue were identified. This indicates that approximately 
76 CNVs were detected per animal. In case of 58 aber-
rations, two values for amplification and deletion of 
DNA fragment were found. Taking into account such 
CNVs (amplifications or deletions), 1765 unique CNVs 
were detected. The frequency of individual CNVs was 
in the range from 4% to 33% in the analysed tumours. 
CNVs with the highest frequency were localised in posi-
tion chr34:3023198-45095658. The vast majority of CNVs, 
i.e. 1725 (97.7%) occurred only once in the examined 
animals and the other 40 (2.3%) CNVs recurred from  
2 to 8 times. The mean CNV length was 3.5 Mb with  
a median value of 810.8 kb. The analysis revealed the 
presence of 1488 (84.3%) amplifications, 262 (14.8%) 
deletions, and 15 (0.9%) alterations combining amplifi-
cations and deletions. The mean CNV value of the  
amplifications was 2-fold higher than that of deletions, 
i.e. 3 Mb and 1.5 Mb, respectively. A similar relation-
ship was observed for the median values, which were 
905.1 kb for the amplifications and 430.9 kb for the  
deletions.

In the present study, sixteen chromosomal fragile 
sites were identified. In majority of chromosomal  
fiagile sites were amplification events, they were located 
on 11 chromosomes. The mean density of breakpoints 
located within the regions ranged from 54,409.09  
to 98,793.81 bp and was substantially higher than that 
mean density observed on the individual chromosomes. 
The fragile sites were identified on chromosomes 6, 
8-9, 12-14, 16, 20, 22, and 33-34.

The merger of overlapping unique CNVs into non 
redundant variable genomic regions (CNVRs) allowed 
identification of 41 events, covering in total 2,121.88 
Mb corresponding to 91.53% of the autosomal genome 
sequence (2,318.22 Mb) and 86.78% of the whole dog 
nuclear genome (2,445.11 Mb). The characteristics of 
CNVRs are shown in Table 1. Among the total CNVRs, 
there were 14 amplifications and 1 deletion, and the 
other 26 were copy losses or gains in the same region. 
The mean sizes of the del/dup events were similar 
(51.12 Mb and 56.6 Mb, respectively) and substantially 
greater that the sizes of deletions (0.33 Mb). The median 
sizes for the del/dup and dup events were similar as 
well, i.e. 53.05 Mb and 53.65 Mb, respectively.

Germinal LOHs

The analyses revealed the presence of 2,799 germi-
nal LOHs (G-LOHs). Their individual frequency 
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ranged from 4.2% to 20.8%. The mean value of hered-
itary LOHs was 3.25 Mb, whereas the median was 1.35 
Mb. The vast majority, i.e. 2,744 (98%) LOHs, were 
detected only once in the analysed population, and the 
other 55 (2%) G-LOHs occurred from 2 to 5 times. 
G-LOH with the highest frequency of 20.8% was iden-
tified in position chr3:3593045-4695416. Furthermore, 
36 regions with chromosomal fragile sites with higher 
breakpoint density were identified. The regions were 
found on 19 chromosomes (usually two regions per 
chromosome), and the density of the identified break-
points ranged from 57,185.62 to 99,392.57.

All the identified germinal LOHs were found  
in 68 unique genomic regions (G-LOHRs). The total 
length of the identified G-LOHRs was 2096.76 Mb, 
which accounted for 90.45% of the autosomal genome 
and 85.75% of the complete nuclear genome of the 
dog. The mean length of G-LOHRs was 30.83 Mb, and 
their median value was 24.28 Mb (Table 1).

Somatic LOHs

In the analysed tumour samples, 586 somatic LOHs 
(S-LOHs) with individual frequency ranging from 4.2% 
to 33.3% were identified. S-LOHs with the highest fre-
quency were detected on chromosomes 11, 15, 16, 18, 
and 27. The mean S-LOH size was 5.44 Mb and the 
median value for the analysed somatic LOHs was  
643.2 kb. As many as 91.8% (n=538) of the S-LOH  
alterations occurred only once in the analysed popula-
tion. Merely 8.2% (n=48) were somatic LOHs occur-
ring from 2 to 8 times. Chromosomal fragile sites were 
identified in this analysis variant as well. Three chro-
mosomal fragile sites were situated on chromosomes 9, 
14, and 16, and the density of breakpoints was similar to 
that observed in the two previous analysis variants.

In case of somatic LOHs, there were 37 unique  

genomic regions exhibiting loss of heterozygosity  
in tumour cells. The total length of S-LOHRs was 
2,154.20 Mb, and the alterations covered 92.92% of the 
autosomal canine genome and 85.1% of the complete 
nuclear genome. The mean and median values  
for S-LOHRs were similar, i.e. 58.22 Mb and 58.24 Mb, 
respectively (Table 1).

The numbers of CNVRs as well as germinal and  
somatic LOHRs are compared in Fig. 1. In case of short 
regions (<10 Mb), the greatest number of alterations 
were found for the G-LOHR variant, while no such  
regions were present in the S-LOHR variant. Substantial 
differences between the number of regions in G-LOHRs 
and CNVRs and S-LOHRs were found in the 10  
do 30 Mb-long regions. In turn, in the range of 30-60 
Mb, the number of regions that were susceptible  
to the alterations was similar in each variant. The pres-
ence of two regions with a length >90 Mb was detected 
in each analysed variant. The longest identified region 
(122.57 Mb) was the same for CNVRs, G-LOHRs,  
and S-LOHRs.

Analysis of genes present within CNVRs, 
G-LOHRs, and S-LOHRs

As revealed by the analysis of genes within CNVRs, 
G-LOHRs, and S-LOHRs, the greatest number  
of ensembl genes were identified in case of somatic 
LOHRs (n=28,225). The ensembl gene content  
in the other two variants was comparable, i.e. 27,685  
for CNVR and 27,504 for G-LOHRs (Table 1). There 
was no correlation between the number of genes  
identified on the chromosome and the total length  
of CNVRs, G-LOHRs, and S-LOHRs localised  
on the chromosome in any of the analysed cases.  
Special attention was focused on genes present within 
the regions of the chromosomal fragile sites in all  

Fig 1. Size distribution of CNVRs, G-LOHRs, and S-LOHRs
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the analysed variants. In total, 17 reference genes and 
microRNAs were found in 16 fragile sites identified  
in the CNV experimental variant; 37 genes were deter-
mined in the G-LOH variant and 3 genes were identi-
fied for the fragile sites in the S-LOH variant.

Association analysis

Association analysis of CNV, G-LOH, and S-LOH 
is presented for three variables in the case-control sys-
tem: grading, size, and age of large-breed dogs (Table 2).

The analysis of the relationship between CNVs  
and the tumour grade revealed that the genomic sites 
with higher frequency of CNVs (p≤0.05) were located 
on chromosomes 12, 15, 16, and 33. Significant CNVs 
were observed in 33.3% of G2 individuals in positions 
chr16:3220145 and chr16:3281580, and in 28.57% in G2 
individuals in positions chr16:3281581 and chr16: 
3289010. In all these four positions, CNVs were detect-
ed in nearly 10% of individuals with G3 tumours. It can 
be assumed that the higher frequency of this type  
of aberration in individuals with grade II or III malig-
nancy tumours occurs regularly in canine mammary tu-
mours. The analysis of the association of the germinal 
LOH frequency with the tumour malignancy grade 
demonstrated that statistically significant G-LOHs 
(p≤0.05) were distributed on as many as 32 chromo-
somes. Higher frequency of this type of aberration was 
found in dogs with G2 or G3 tumours. Alterations on 
chromosomes 25, 31, and 34 were detected in 28.57% 
of dogs with G2 tumours and alterations in position 
chr34: 4958390in were noted in 14.29% of individuals 

with G3 tumours. In this case, as in the two other aber-
ration variants, the highest frequency of significant 
S-LOHs (p≤0.05) was reported in dogs with G2 tu-
mours. In several positions on chromosome 16, signifi-
cant aberrations (p≤0.05) were detected in 42.86%  
of dogs with G2 tumours. The frequency of statistically 
significant S-LOHs in G3 tumour samples was 14.29%, 
whereas no significance was found for the lowest malig-
nancy grade.

The analysis performed in the group of dogs divided 
according to the body size revealed the presence of 34 
CNVs with statistically significant differences (p≤0.05) 
in the frequency in each group. The frequency of these 
aberrations was shown to be higher in large dogs,  
compared with medium-sized dogs. No significant dif-
ferences in the frequency of the aberrations were found 
in the group of small dogs with the exception of four 
positions on chromosome 12, where CNVs were detected 
in 33.3% of the dogs. In case of G-LOHs, 353 signifi-
cant aberrations were identified with the highest fre-
quency among the large dogs. In positions chr4:7310265, 
chr4:7935673, chr4:7966609, chr15:3657068, and 
ch15:4031228, G-LOHs were identified in 37.5% of 
large dogs, and in positions chr4:7935673 and 
chr4:7966609 alterations were detected in 12.5%  
of medium-sized dogs. In case of somatic LOHs, only  
a few statistically significant differences (p≤0.05)  
in the frequency of these aberrations were revealed  
in the groups of dogs distinguished according to their 
body size. S-LOHs were observed more frequently  
in the large or medium-sized dogs than in the small 
dogs. The highest frequency was found in positions 

Table 1. Summary of CNVRs, G-LOHRs, and S-LOHRs found in this study.

Type Count
Size (Mb; 

sum)
Average size 

(Mb)
Size SD (Mb)

Mediana size 
(Mb)

Numer of en-
sembl genes

% reference 
autosomal 

genome

CNVR 41 2121.88 51.75 25.61 52.35 27685 91,53

G-LOHR 68 2096.76 30.83 28.04 24.28 27504 90.45

S-LOHR 37 2154.20 58.22 21.24 58.24 28225 92.92

Table 2. Association of CNV, G-LOH, and S-LOH with grading, size, and age.

Frequency [%]

Variable G1
Grading Size Age (years)

G2 G3 Large Medium Small 7-8 12-13

Variant

CNV 4.91 13.9 5.63 10.61 2.18 7.80 16.28 6.24

G-LOH 1.98 14.4 7.16 8.81 3.36 9.08 15.35 5.57

S-LOH 4.22 9.24 6.07 12.30 2.52 5.56 13.60 13.18
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chr5:3037864 and p5:3110350, i.e. 8.33% for the large 
dogs and 20.83% for the medium-sized dogs.

The analysis performed in the two age groups  
resulted in identification of 40 genomic loci exhibiting 
statistically significant differences (p≤0.05) in the fre-
quency of CNVs in the two age groups of large dogs. 
The frequency of these aberrations was higher in the 
7-8 year-olds. Similarly, in case of germinal LOHs,  
the frequency of significant aberrations was higher  
in the younger dogs (7-8 years old). In only two posi-
tions on chromosome 3 and three positions on chromo-
some 16, significant G-LOHs were identified in 55.56% 
and 44.44% of 12-13-year-old dogs, respectively.  
In case of the S-LOH variant, the frequency of this type 
of aberrations in the two age groups did not differ sig-
nificantly between the groups. This correlation is not 
surprising, since the average lifespan of large breeds  
is relatively short and often does not exceed 10 years. 
Therefore, the age of 7-8 years in large dogs can be  
referred to as old or senile. This may explain the higher 
frequency of the statistically significant aberrations 
(p≤0.05) in the large dogs aged 7-8 than in the 12-13-
year olds.

Discussion

Copy number variation, which is one of sources  
of the genetic diversity, has become the target of inten-
sive research in modern genomics. Genomic variations 
in tumour cells are complex and their variants may  
be related to susceptibility to different types of cancer 
(Notta et al. 2011). Investigation of genomic aberra-
tions in tumours is therefore an important step towards 
identification of genetic abnormalities as somatic pat-
terns associated with the initiation and progression  
of tumours, including canine mammary cancer. In the 
analysed biological material 1765 unique CNVs (ampli-
fications or deletions) were identified. 84.3% unique 
CNVs were amplifications, 14.8% deletions and and 15 
(0.9%) alterations combining amplifications and dele-
tions. Dominance of amplification over deletion events, 
in terms of both the quantity and length, was observed 
in human tumours, including mammary and breast can-
cers (O’Hagan et al. 2002). There are reports of high 
frequency of amplification events in certain chromo-
somal regions in female breast cancer patients (Orsetti 
1999). These regions are often referred to as hotspots 
of neoplastic transformation. The origin and conserva-
tion of such regions in the genome is still unclear.  
Presumably, the first genome rearrangements resulting 
in amplification take place already at the onset of the 
neoplastic process; hence, numerous and long-term 
amplification alterations may accumulate over a rela-

tively long period, leading to conservation thereof  
in the genome of tumour cells. Consequently, their  
important role as sites of neoplastic transformation 
should be acknowledged.

The considerable dominance of amplifications  
over deletions and their greater length observed in the 
present study may indicate a greater impact of this type 
of alterations on the genome. Amplifications are more 
ambiguous than deletions because the extra copies  
of DNA may end up elsewhere in the genome and may 
be affected by subsequent events in those regions.  
It is also highly probable that the predominance of am-
plification over deletion events is an effect of the trans-
formation of a healthy cell into a tumour cell. Gene 
amplification has been shown to be a typical genetic 
disorder in case of cancer, and many oncogenes have 
been identified in genomic regions that are amplifica-
tion sites. Current data indicate that tumours often  
develop as a result of disorders in several oncogenes.  
It has been demonstrated that co-amplified genes with 
known oncogenes present within the same amplicon 
promote tumour development. Therefore, identifica-
tion of genes in genomic regions where an amplifica-
tion has taken place can complement the current 
knowledge. The dominance of amplification over other 
genomic aberrations has been investigated for over  
20 years. However, why some genomic regions are 
more susceptible to amplification than the others has 
not been fully elucidated yet (Wahl et al. 1983).  
The propensity of certain genomic regions to amplify  
is still a frequent subject of researchers’ interest.  
Genomic sequences that deserve special attention are 
the chromosomal fragile sites, which tend to form con-
strictions and breakpoints when the cell is exposed to 
replication stress. Over 100 fragile sites have been iden-
tified in the human genome to date. Fragile sites exhibit 
high heterogeneity and their length in the human  
genome ranges from 0.3 to 9 Mb. Such regions have 
been identified in various types of cancer (Glover et al. 
2005). They are candidate regions that can initiate  
amplification through their proneness to breakage.  
In the present study, sixteen chromosomal fragile sites 
were identified and they were located on 11 chromo-
somes. The chromosomal fragile sites were in the ma-
jority amplifications events.

In investigations conducted by (Gurgul et al. 2014) 
in a group of 26 dogs of different breeds with different 
types of cancer, 426 unique chromosomal aberrations 
were identified in tumour tissues, including 273 dele-
tions and 153 amplifications to 4 copies. Other studies 
of canine genomics revealed that deletions were more 
numerous than duplications in this type of analysis.  
It was found that although deletions are smaller than 
duplications, their higher frequency can affect the  
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genome equally as duplications (Chen et al. 2009,  
Conrad et al. 2010, Berglund et al. 2012).

In case of cancer, loss of heterozygosity is more fre-
quent than copy number variation, as it causes irrevers-
ible loss of one of the parental alleles. In turn, copy 
gains are often unstable. Microarray analyses are  
applied in oncogenomics studies for determination  
of the distribution of the LOH length across the ge-
nome (Abkevich et al. 2012). Loss of heterozygosity  
in tumour cells most often results from deletion of  
a certain chromosomal region or an entire chromo-
some; it is frequently accompanied by reduction  
of the copy number. Abkevich et al. (2012) hypothe-
sised that various length LOH regions may appear  
in the tumour cell genome via different pathways. Cor-
relations were determined between the number  
of short LOHs (<15Mb), the number of long LOH  
regions (>15Mb, but smaller than the entire chromo-
some), and the number of LOH regions covering entire 
chromosomes and homologous recombination (HR) 
deficiency. Special attention was devoted to somatic 
and congenital defects in genes BRCA1 and BRCA2 
supporting homologous recombination, which is associ-
ated with predisposition to various cancers, e.g. mam-
mary and ovarian cancers (Venkitaraman 2002).  
The investigation results indicate that the medium size 
class of LOH regions >15 MB but smaller than the  
entire chromosome is positively correlated with defects 
in the HR pathway genes. No such correlation was 
found between very short LOH regions and those  
covering the entire chromosome.

Analysis of genes present within CNVRs, G-LOHs 
and S-LOHs, revealed numerous of ensemble genes 
were identified in all the analysed variants (Table 1). 
Special attention was focused on genes present within 
the regions of the chromosomal fragile sites in all the 
analysed variants. As reported in the literature, struc-
tural abnormalities in four of all genes, i.e. ZFPM2, 
EBAG9, AQP1, and MSTN, have an impact on disor-
ders of biological functions commonly associated with 
neoplastic transformation. Protein products of these 
genes are associated with disturbances in apoptotic cell 
death in dogs (UniProt accssed 10.03.2017). Negative 
regulation of the apoptotic process in dogs was detect-
ed in case of gene AQP1 and, as evidenced repeatedly, 
any abnormalities in apoptosis play a key role in neo-
plastic transformation (Pawłowski et al. 2013). Further-
more, it has been shown that the protein product  
of gene AQP1 is involved in the cellular response  
to stress or maintenance of homeostasis, i.e. in biologi-
cal cell functions that are disturbed during cancer  
development (UniProt accessed 10.03.2017). There-
fore, the aberrations in genes ZFPM2, EBAG9, AQP1, 
and MSTN may have resulted in disturbances in the 

function of proteins encoded by the genes and disor-
ders in such processes as apoptosis, homeostasis,  
or stress response, thereby indirectly contributing  
to the development of mammary tumours in the anal-
ysed dogs.

The selected limited group of CNVs and germinal 
and somatic LOHs characterised by the highest fre-
quency in the examined population and potentially 
greater importance in the group of dogs with mammary 
tumour facilitated identification of several microRNA 
molecules, which play a significant role in the develop-
ment of many human tumours, as indicated by recent 
literature data. The role of these molecules in cancer 
diseases in various animal species, including dogs, has 
been poorly explored to date. Three canine microRNA 
molecules (MIR875, MiR448, MIR-15a), whose human 
counterparts are involved in the neoplastic transforma-
tion process in the case of gastric, brain, or lung cancer, 
were determined in the examined group (Braoudaki  
et al. 2016).

Association analysis of CNV, G-LOH, and S-LOH 
is presented for three variables in the case-control  
system: grading, size, and age of large-breed dogs  
(Table 2). Due to the high incidence of mammary  
tumours in dogs, the risk factors associated with the 
higher prevalence of this type of cancer have been  
investigated by researchers for over 40 years. An  
increased incidence of canine mammary tumour has 
been found after the 6th year of dog’s life and maximally 
between year 9 and 11. Mammary tumours are rarely 
detected in dogs younger than 2 years of age (Schneider 
1970). A higher risk of this type of cancer has also been 
demonstrated in large rather than small dogs, and the 
Boxer, mongrel, and Chihuahua, i.e. small or medium- 
-sized breeds, have been classified as the least prone 
breeds (Brodey et al. 1983, Zatloukal et al. 2005). Asso-
ciation analyses are also carried out in terms of the tu-
mour malignancy grade. The histological classification 
of canine mammary tumours distinguishes three malig-
nancy degrees: grade I, II, and III. Karayannopoulou  
et al. (2005) showed differences in the survival of dogs 
with various malignancy grades. The survival rate in 
dogs with grade III malignant neoplasia was lower than 
in the case of grades I and II. The higher grade was also 
associated with worse prognosis and higher metasta- 
sizing capability (Chang et al. 2007). These observa-
tions have been confirmed by analysis carried out with 
the latest molecular biology techniques and detailed 
statistical tests. Another analysis (Surdyka and Slaska 
2017a,b) conducted on the group of dogs examined  
in this study demonstrated a statistically significant  
correlation between changes in the mitochondrial  
genome and larger body size and older age. However, 
no association with grading was then found.
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The results of the analyses indicate that higher fre-
quency of structural aberration in all analysed variants 
were observed in individuals with grade II and III ma-
lignancy tumours. The regularity observed in the asso-
ciation of structural aberrations with the tumour malig-
nancy grade confirms the histopathological observations 
reported to date (Chang et al. 2007). It is therefore 
probable that some structural aberrations appear only 
in tumours with a higher malignancy grade or they are 
the cause of an increase in the grade of canine mamma-
ry tumours.

The analysis performed in the group of dogs divided 
according to the body size revealed that frequency of 
CNVs, G-LOHs and S-LOHs was higher in large dogs 
compared with medium or small-sized dogs (Table 2). 
The correlations presented in this study are consistent 
with long-term observations reported by many research 
teams (Brodey et al. 1983, Zatloukal et al. 2005).

The analysis performed in the two age groups 
showed that in case of CNVs and G-LOHs, the fre-
quency of structural aberrations was higher in the 7-8 
years-olds dogs. In case of the somatic LOHs, the fre-
quency of this type of aberrations was similar in the two 
age groups. These observations are consistent with 
those reported by Schneider (1970) and Brodey et al. 
(1983). 

Conclusion

The application of the SNP genotyping assay and 
the OncoSNP calculation tool yielded detailed charac-
terisation of structural aberrations that are exclusively 
specific to canine mammary tumour cells. The results 
of the analyses indicate that the amplifications were 
longer and more frequent than the deletions in all the 
experimental variants. Genomic regions with high fre-
quency of aberrations were identified as well. These 
were 19 regions identified for the CNV variants,  
45 regions for the germinal LOHs, and 4 regions  
for the somatic LOHs. Additionally, genes in regions 
that were especially susceptible to these rearrange-
ments were identified. Some of them were associated 
with processes that are important for neoplastic trans-
formation. The association analysis performed for the 
grading, size, and age variants allows theconclusion 
that structural aberrations are more frequent in dogs 
with grade II and III malignancy, dogs with a larger 
body size, and large dogs aged 7-8 years.

Our research is the first attempt at SNP micro- 
array-based analysis of CNV and LOH in the genomes 
of dogs with mammary tumours. In the study, we have 
focused on identification of genomic regions that are 
particularly susceptible to severe structural aberrations, 

which are likely to be associated with neoplastic trans-
formation. The promising results of these pioneering 
investigations prompt continuation of the research and 
analysis of other types of cancer.
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